Probing the Odderon in coherent hadron - hadron interactions at CERN LHC 
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One of the open questions of the strong interaction theory is the existence of the Odderon, which is 
an unambiguous prediction of Quantum Chromodynamics, but still not confirmed in the experiment. 
In this paper we propose the study of the diffractive r) c photoproduction in coherent interactions 
as a new alternative to probe the Odderon in pp and PbPb collisions at CERN - LHC. As the 
Pomeron exchange cannot contribute to this process, its observation would indicate the existence of 
the Odderon. We predict total cross sections of order of pb (/ib) for pp (PbPb) collisions and large 
values for the event rates/year, which makes, in principle, the experimental analysis of this process 
feasible at LHC. 
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INTRODUCTION 



Understanding the behaviour of high energy hadron re- 
actions from a fundamental perspective within of Quan- 
tum Chromodynamics (QCD) is an important goal of 
particle physics (For recent reviews see e.g. Ref. [l|). 
The central papers concerning the knowledge of the 
Regge limit (high energy limit) of perturbative QCD 
(pQCD) were presented in the mid seventies by Lipatov 
and collaborators @, which demonstrated that the high 
energy behaviour of the total cross sections is related to 
the Pomeron exchange. In the framework of perturba- 
tive QCD the Pomeron corresponds to a C-even parity 
(C being the charge conjugation) compound state of two 
i-channel reggeized gluons, given by the solution of the 
Balitsky - Fadin - Kuraev - Lipatov (BFKL) equation 
Besides the Pomeron, a natural prediction of the QCD is 
the presence of the so-called Odderon, which is a C-odd 
compound state of three reggeized gluons, which domi- 
nates the hadronic cross section difference between the di- 
rect and crossed channel processes at very high energies. 
The Odderon is described by the Bartels - Kwiecinski - 
Praszalowicz (BKP) equation Q, which resums terms of 
the order a s (a s log s)" with arbitrary n in which three 
gluons in a C = — 1 state are exchanged in the i-channel. 

In the last years, the physics of the Odderon has be- 
come an increasingly active subject of research, both 
from theoretical and experimental points of view (For a 
recent review see [1]). On the theoretical side, the inves- 
tigation of the Odderon in pQCD has led to discovery of 
relations of high energy QCD to the theory of integrable 
models [5J and two leading solutions of the BKP evo- 
lution equation were obtained @, Q , with the intercept 
being close to or exactly one, depending on the scatter- 
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ing process. In contrast, on the experimental side, the 
existence of the Odderon is still not confirmed. The ex- 
perimental evidence for the Odderon is at the moment 
rather scarce. A recent study of the data on the dif- 
ferential elastic pp scattering shows that one needs the 
Odderon to describe the cross sections in the dip region 
Q . The difficulties inherent in the description of pp and 
pp collisions and the lack of further data have made it 
impossible to establish the existence of the Odderon in 
these processes beyond reasonable doubt. However, it 
is important to emphasize that the TOTEM collabora- 
tion [9( measured recently the differential cross section 
for elastic pp collisions at y/s 7 TeV and more data are 
expected in the next years. An alternative to probe the 
Odderon is the study of the diffractive photoproduction 
of pseudoscalar mesons in ep collisions (For other possi- 
bilities see Refs. [l(| HU). As the real photon emitted by 
the electron carries negative C parity, its transformation 
into a diffractive final state system of positive C parity 
requires the i-channel exchange of an object of negative 
C parity. It implies that Pomeron exchange cannot con- 
tribute to this process and that it can only be mediated 
by the exchange of an Odderon. A particular promising 
process is the diffractive rj c photoproduction, since the 
meson mass provides a hard scale that makes a pertur- 
bative calculation possible [lH, [l3[ . Unfortunately, even 
with an optimistic choice of the strong running coupling 
constant a s , the cross section for this process is too small 
to be observed at HERA. Consequently, the current ex- 
perimental evidence for the Odderon is very unsatisfac- 
tory. 

In this paper we propose the study of coherent hadron 

- hadrons interactions as a new alternative to search the 
Odderon in high energy pp and AA collisions at CERN 

- LHC. In last years several authors demonstrated that 
the study of these interactions is useful to constrain the 
physics of the Pomeron at high energies (See, e.g. Refs. 
|L#n6l |). Here we demonstrate that coherent interactions 
can also be used to probe the Odderon. The basic idea 
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FIG. 1: Illustration of the coherent process hi + li2 — > h\hir] c 
(See text). 



in coherent hadronic collisions is that the total cross sec- 
tion for a given process can be factorized in terms of 
the equivalent flux of photons into the hadron projec- 
tile and the photon-photon or photon-target production 
cross section. Consequently, coherent interactions can 
be used to study photon induced processes, as for exam- 
ple, the diffractive r\ c photoproduction, which is a direct 
probe of the Odderon. In Fig. [T]we present an illustra- 
tion of the coherent process h\ + h% —> hih 2 r] c which will 
be analysed in this paper. The main advantage of using 
colliding hadrons and nuclear beams for studying jp(A) 
interactions is the high equivalent photon energies and 
luminosities that can be obtained at existing and future 
accelerators (For reviews see Ref. [l7jV 

This paper is organized as follows. In Sections [TT] and 
IIII we present a brief review of the main concepts and 
formulas used in the description of coherent interactions 
and diffractive rj c photoproduction, which are required to 
explain our results, which will presented in Section IIVI 
Finally, in Section|V]we summarize our main conclusions. 



II. 



COHERENT INTERACTIONS 



Lets consider a hadron-hadron interaction at large im- 
pact parameter (b > + Rh 2 ) and at ultra relativis- 
tic energies. In this regime we expect the dominance of 
the electromagnetic interaction. In heavy ion colliders, 
the heavy nuclei give rise to strong electromagnetic fields 
due to the coherent action of all protons in the nucleus, 
which can interact with each other. In a similar way, 
it also occurs when considering ultra relativistic protons 
in pp(p) colliders. The photon stemming from the elec- 
tromagnetic field of one of the two colliding hadrons can 
interact with one photon of the other hadron (two-photon 
process) or can interact directly with the other hadron 
(photon-hadron process). The total cross section for a 
given process can be factorized in terms of the equivalent 
flux of photons of the hadron projectile and the photon- 
photon or photon-target production cross section [l7| . In 



what follows our main focus shall be in photon - hadron 
processes. In the particular case of the diffractive r\ c pho- 
toproduction in a coherent hadron-hadron collision, the 
total cross section is given by, 



a(hih 2 — > hi ® rj c <g> h 2 ) 



^ J dY' 



(1) 



i=l,2 



where <g> represents a rapidity gap in the final state and 
dai /dY is the rapidity distribution for the photon-target 
interaction induced by the hadron hi, which can be ex- 
pressed as 



duj 
dY 



dN 1 / hi 



(2) 



(IN. 



uj is the photon energy, "" 1 " d J^ h is the equivalent pho- 
ton flux, Wz h = 2wy / SNN and snn are the c.m.s energy 
squared of the photon - hadron and hadron-hadron sys- 
tem, respectively. 

Considering the requirement that photoproduction 
is not accompanied by hadronic interaction (ultra- 
peripheral collision) an analytic approximation for the 
equivalent photon flux of a nuclei can be calculated, 
which is given by (l7| 



dN l/A (u) _ 2 Z 2 a e 



duj 



fjK (fj) Ki (f } ) + r L-U(f 1 ) 



(3) 



where fj = ui (Rhi + Rh 2 )/lL (with jl being the Lorentz 
boost of a single beam), U(fj) = K\ (fj) — Kfi (fj) and 
Kq(t]) and Ki(rj) are the modified Bessel functions. The 
Eq. ([3]) will be used in our calculations of the r\ c pro- 
duction in AA collisions. On the other hand, for proton- 
proton collisions, we assume that the photon spectrum 
of a relativistic proton is given by fl8j . 



dN y / p (ui) a c 
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: 1 + [(0.71GeV 2 )/O^ mJ 
2uj/^/snn) } ss (uj/jl) 2 . Considering that 
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where Q 

in pp/PbPb collisions at LHC the Lorentz factor is 7l = 
7455/2930, the maximum center-of-mass energy for the 
jh system, W lh , will be 8390/950 GeV. Therefore, 
while studies of photoproduction at HERA were limited 
to photon-proton center of mass energies of about 200 
GeV, photon-hadron interactions at LHC can reach one 
order of magnitude higher on energy. It implies that 
studies of jp(A) interactions at the LHC could provide 
valuable information on the QCD dynamics. 



III. DIFFRACTIVE Vc PHOTOPRODUCTION 

In what follows we present the cross section for the 
diffractive r\ c photoproduction, which is the main input 
in our calculations [See Eq. ((2J]. It can be obtained us- 
ing the impact factor representation, proposed by Cheng 
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and Wu [Ti| many years ago. In this representation, the 
amplitude for a large-s hard collision process can be fac- 
torized in three parts: the two impact factors of the col- 
liding particles and the Green's function for the three 
interacting reggeized gluons, which is determined by the 
BKP equation and is represented by Gbkp hereafter. The 
differential cross section for the process 7 + h — > rj c + h 
is given by [l2| 

i=l,2 

where A 1 is the amplitude for a given transverse polariza- 
tion i of the photon, which can be expressed as a convolu- 
tion of the impact factors for the proton and for the 
77y c transition ($* ) with the Odderon Green function: 

A* = ^^{^Q BKP \%). (6) 

Differe ntly from $ 7 „ o , that can be calculated perturba- 
tively [l3j, the impact factor $ p that describes the cou- 
pling of the Odderon to the proton is non-perturbative 
and should be modelled. In our calculations we consider 
the model used in Refs. [HI, [ll| (We refer the reader to 
the original papers for the details). 

The Odderon Green function Gbkp is described in 
terms of the solution of the BKP equation Q, with 
the energy dependence being determined by the Odd- 
eron intercept ap. Currently, two leading solutions of 
the Odderon evolution equations are available 0, 0] and 
the s ubj ect continues to be under intensive study (See, 
e.g., 0). In Ref. @, Janik and Wosiek (JW) obtained 
that a D = 1 - 0.24717^^, which for a s « 0.2 yields 
ap = 0.96. Moreover, they found that its solution does 
not couple to all phenomenologically relevant impact fac- 
tors. In particular, the coupling for the "fr] c impact factor 
vanishes in leading order. In contrast, Bartels, Lipatov 
and Vacca (BLV) [7| have found a solution for the BKP 
equation with intercept a© exactly equal to one and that 
couples to 3> 7 ,, c , in contrast to the JW solution. Such 
solution was used in [12| to estimate the diffractive r\ c 
photoproduction in the kincmatical region probed in ep 
collisions at HERA (BBCV model hereafter). They find 
a weak logarithmic suppression with the energy and have 
predicted an integrated cross section of ss 50 pb at HERA 
energy. This prediction is a factor 5 larger than the value 
obtained by Kwiecinski and collaborators in Ref. [l3[ 
(CKMS model hereafter), which has considered a sim- 
plified three gluon exchange model for the Odderon that 
implies an energy independent cross section. A short- 
coming of these analysis is the large value used for the 
effective strong coupling constant present in the coupling 
of the Odderon to the external particles. As pointed in 
Ref. [8[ the cross sections reported in Refs. [TH, [l3| have 
to be reduced by a factor 30. In what follows we con- 
sider the approach proposed in Ref. [12] and we will use 
a more realistic value for a s (= 0.3). For completeness 
we also present the results of the approach proposed in 
0. 



IV. RESULTS 

In Table|T]we present our predictions for the total cross 
section considering pp collisions at ^/snn — 8 and 14 
TeV. We predict values of the order of pb, with the BBVC 
prediction being a factor of « 20 larger than the CKMS 
one. This large factor of enhancement is directly asso- 
ciated to the energy dependence present in the BBVC 
model, which implies that the 7/1 cross section increases 
at smaller energies, while the CKMS predicts an energy 
independent cross section. It is important to emphasize 
that the main contribution for the total \i\h2 cross section 
comes from small values of u due to dependence of the 
equivalent photon spectrum in the photon energy, which 
is proportional to 1/ui. Furthermore, the increasing of 
dN/dio with ^/snn implies that o{h\hi — » h\®rj c ® /12) 
also increases with the center-of-mass energy. In compar- 
ison to the cross sections for the J/* photoproduction 
[ToT ]. our predictions are a factor > 10 3 smaller, with the 
difference increasing with the energy due to the Pomeron 
exchange present in the J/ty production. On the other 
hand, in comparison to the predictions for exclusive vec- 
tor meson production from the pomeron - odderon fusion 
presented in [ll[, our results are similar to those for the 
T hadroproduction. 

In Table |H] we present our predictions for the total 
cross section considering PbPb collisions at two values of 
center-of-mass energy. As the photon flux is proportional 
to Z 2 , because the electromagnetic field surrounding the 
ion is very larger than the proton one due to the coher- 
ent action of all protons in the nucleus, the nuclear cross 
sections are amplified by this factor. Moreover, our pre- 
dictions also are amplified by the mass number A, since in 
our calculations for the nuclear case we are assuming in a 
first approximation that a(jA — > r/ c A) — A.a(~fp — > r] c p). 
Consequently, we predict cross sections of the order of [ib 
for the diffractive rj c photoproduction in PbPb collisions 
at LHC. 

Considering the design luminosities at LHC for pp 
collisions (C pp — 10 34 cm _2 s _1 ) and PbPb collisions 
(£pbPb = 4-2 x 10 26 cm _2 s _1 ) we can calculate the pro- 
duction rates (See Tables HI and |H| . Although the cross 
section for the diffractive r\ c photoproduction in AA colli- 
sions is much larger than in pp collisions, the event rates 
are higher in the pp mode due to its larger luminosity. 
In particular, we predict that the events rate/year for pp 
collisions at y/s = 14 TeV should be larger than 65000. 
However, as emphasized in Ref. [2l|, for a luminosity 
above C > 10 33 cm _2 s _1 , multiple hadron - hadron colli- 
sions per bunch crossing are very likely, which leads to a 
relatively large occupancy of the detector channels even 
at low luminosities. This drastically reduces the possi- 
bility of measurement of coherent processes at these lu- 
minosities. In contrast, for lower luminosities, the event 
pile-up is negligible. Consequently, an estimative consid- 
ering £ pp = 10 32 cm _2 s _1 should be more realistic. It 
reduces our predictions for the event rates in pp collisions 
by a factor 10 2 . 
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\/ SNN 


CKMS 


BBCV 


8 TeV 


0.55 pb (55000) 


10.10 pb (1 x 10 B ) 


14 TeV 


0.65 pb (65000) 


13.90 pb (1.4 x 10 b ) 



TABLE I: Cross sections (event rates/year) for the diffractive 
rj c photoproduction in pp collisions at LHC energies. 



serious backgrounds and to probe the Odderon. Cur- 
rently, almost all LHC collaborations have a program of 
forward physics. Preliminary results indicate that the 
study of coherent processes at LHC and its experimental 
separation is feasible (See, e.g. [H, However, this 

subject certainly deserves more detailed studies. 





CKMS 


BBCV 


2.76 TeV 


0.30 pb (126) 


14.25^6 (5985) 


5.5 TeV 


0.40 ph (168) 


23.59^6 (9912) 



TABLE II: Cross sections (event rates/year) for the diffractive 
r/ c photoproduction in PbPb collisions at LHC energies. 



A final comment about the experimental separation of 
the rjc produced in a photon - hadron interaction at LHC 
is in order. The Odderon and the photon exchanged in 
Fig. Q]are colorless objects, which lead to the formation 
of two rapidity gaps in the final state, i.e. the outgoing 
particles (hi, r) c and /12) are separated by a large region 
in rapidity in which there is no hadronic activity observed 
in the detector. Two rapidity gaps in the final state also 
are generated in photon - photon interactions. The asso- 
ciated cross sections for production of rj c in these inter- 
actions for pp [25| and PbPb [2|| collisions are almost a 
factor six larger than those presented in this paper. Con- 
sequently, the detection of two rapidity gaps in the final 
state is not, in a first analysis, an efficient trigger for the 
separation of the 7/1 production of the r\ c . As already 
emphasized, the use of this trigger at LHC will be a hard 
task due to the multiple hadron - hadron collisions per 
bunch crossing, which are not negligible at high luminosi- 
ties. Simulations indicate that coherent processes could 
be identified with a good signal to background ratio when 
the entire event is reconstructed and a cut is applied on 
the summed transverse momentum of the event [2l|. As 
the typical photon virtualities are very small, the hadron 
scattering angles are very low. Consequently we expect 
that a different transverse momentum distribution of the 
scattered hadrons, with 7/1 interactions predicting larger 
Pt values. Therefore, we believe that the detection of the 
scattered hadrons with extra detectors in a region away 
from the interaction point probably can eliminate many 



V. SUMMARY 

Despite the enormous success of QCD there remains a 
number of deep questions to be answered in the field of 
strong interaction physics. In particular, the existence of 
the Odderon, which is a unambiguous prediction of QCD, 
is still not confirmed in the experiment. In this paper we 
proposed the probe of the perturbative Odderon in co- 
herent hadron - hadron interactions at LHC. We study 
the diffractive r\ c photoproduction, which is an exclusive 
process in which the Odderon is the only possible ex- 
change. Hence the observation of such processes would 
clearly indicate the existence of the Odderon. We pre- 
dict total cross sections of order of pb for pp (PbPb) 
collisions and large values for the event rates/year, which 
makes, in principle, the experimental analysis of this pro- 
cess feasible at LHC. Our results are complementary to 
the predictions presented in Ref. [U , where the probe of 
the perturbative Odderon in the exclusive vector meson 
hadroproduction was proposed. As in [ll[ , the detection 
of the outgoing protons will be necessary in order to elim- 
inate the main backgrounds and to probe the Odderon. 

Finally, we point out that another alternative to probe 
the Odderon is the study of the inclusive r\ c production, 
described at the photon level by the process 7 + h — > 
r] c + X in the triple Regge region, where X is a diffractive 
system, which contains the coupling of the Pomeron to 
two Odderons [22]. The cross section for this process is 
expected to be much larger than the diffractive one [27j . 
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